Background: Neurexins (NRXs) are cell adhesion molecules and regulate synapse formation and synaptic transmission. Results: NRX associates with NSF in vivo, and the absence of NRX/NSF interaction results in abnormal distribution and impaired function of NSF. Conclusion: NRX/NSF interaction facilitates NSF recruitment and subsequent SNARE complex disassembly. Significance: Neurexin regulates the presynaptic exocytotic machinery.
Although Neurexins, which are cell adhesion molecules localized predominantly to the presynaptic terminals, are known to regulate synapse formation and synaptic transmission, their roles in the regulation of synaptic vesicle release during repetitive nerve stimulation are unknown. Here, we show that nrx mutant synapses exhibit rapid short term synaptic depression upon tetanic nerve stimulation. Moreover, we demonstrate that the intracellular region of NRX is essential for synaptic vesicle release upon tetanic nerve stimulation. Using a yeast two-hybrid screen, we find that the intracellular region of NRX interacts with N-ethylmaleimide-sensitive factor (NSF), an enzyme that mediates soluble NSF attachment protein receptor (SNARE) complex disassembly and plays an important role in synaptic vesicle release. We further map the binding sites of each molecule and demonstrate that the NRX/NSF interaction is critical for both the distribution of NSF at the presynaptic terminals and SNARE complex disassembly. Our results reveal a previously unknown role of NRX in the regulation of short term synaptic depression upon tetanic nerve stimulation and provide new mechanistic insights into the role of NRX in synaptic vesicle release.
Neurexins are cell adhesion molecules that are thought to be the key presynaptic organization molecules involved in synaptogenesis, synaptic transmission, and synapse maintenance (1) (2) (3) (4) (5) (6) . The extracellular region of the NRX molecule binds to Neuroligins (7, 8) , Dystroglycan (9) , Neurexophilin (10 -12), leucine-rich repeat proteins (LRRTM2) (13, 14) , and Cerebellin (15) . In contrast, the intracellular region of the NRX molecule associates with several molecules involved in the synaptic vesicle exocytosis machinery, including synaptotagmin (16) and the PDZ domain-containing proteins CASK (17) , Mints (18) , and syntenin (19) . The neuroligins are localized to the postsynaptic densities (20) and are associated with the neurotransmitter receptors (21, 22) . The trans-synaptic interaction of NRX and Neuroligin therefore bridges the synaptic cleft to align the presynaptic neurotransmitter release machinery with the postsynaptic neurotransmitter receptors. Previous studies have shown that the ␣-NRXs functionally couple Ca 2ϩ channels to the presynaptic machinery to mediate synaptic vesicle exocytosis (6) . The loss of the single ␣-NRX in Drosophila leads to impaired evoked synaptic transmission and reduced quantal content (4) .
Neurotransmitter release is mediated by the fusion of synaptic vesicles, which is triggered by Ca 2ϩ and executed by soluble NSF 2 attachment protein receptors (SNAREs). During fusion, vesicular and target SNAREs assemble into an ␣-helical trans-SNARE complex that forces the two membranes together to form a highly stable SDS-resistant 7S SNARE complex (24 -26) . After fusion, soluble NSF attachment proteins (SNAPs) bind to SNAREs and then mediate the binding with the ATPase NSF (25) , which mediates the disassembly of SNARE complexes and regenerates free SNAREs to be used in subsequent fusion reactions (27) . Live image studies have shown that NSF mutant (i.e. comt) synapses exhibit defective NSF re-distribution during tetanic nerve stimulation (28) , suggesting some potential mechanisms to restrict the mobilization of NSF. However, the molecular mechanism to restrict the mobilization of NSF is not clear.
Here, we show that the Drosophila homolog of ␣-NRX interacts with NSF at the presynaptic terminals. The absence of this interaction in nrx mutant synapse leads to rapid short term synaptic depression during tetanic nerve stimulation. We further demonstrate that the NRX/NSF interaction facilitates NSF recruitment to the presynaptic terminals and promotes SNARE complex disassembly. Our results therefore reveal a novel role of NRX in the regulation of short term synaptic depression and an unknown linkage between NRX and the presynaptic exocytotic machinery.
Experimental Procedures
Fly Genetics-The flies were maintained on a standard medium at 25°C with 60 -80% relative humidity. The wild-type flies used in this study were w 1118 . The ␣-nrx (CG7050) null mutant allele, nrx 273 , was obtained from Dr. Manzoor A. Bhat's laboratory (4) . The other ␣-nrx null mutant allele, nrx ⌬83 , was generated by p-element imprecise excision using ⌬2-3 as a transposase source according to standard procedures. The detailed experimental process has been described in a previous report (3) . To eliminate potential genetic background effects, the recombinant of two out-crossed nrx null mutant alleles, nrx ⌬83 /nrx 273 , was used in this study. To generate the NRX transgenes, the full-length NRX cDNAs and the cDNAs that encode either the C-terminally truncated NRX ⌬C or the PDZbinding motif-deleted NRX ⌬4 were subcloned into the pUAST vector and injected into w 1118 flies.
Antibodies-The anti-NSF antibody was generated against a purified GST-NSF (amino acids 1-746) fusion protein in rabbits. An affinity column, which was created by coupling MBP-NSF fusion protein to CNBr-activated Sepharose 4B, was used to purify the antibody. The anti-NRX and anti-Ecp antibodies were generated as described previously (29, 30) . Other antibodies were obtained from Developmental Studies Hybridoma Bank (syntaxin, 8C3; DLG, 4F3; and BRP, nc82) and GenScript (mouse His tag antibody and rabbit GST tag antibody).
Electrophysiology-Third instar larvae were carefully dissected as described previously (31) . Two-electrode voltage clamp recordings were performed with an Axoclamp 900A amplifier (Molecular Devices, Sunnyvale, CA) using both recording (15-20 megohms) and current-passing (5-8 megohms) electrodes filled with 3 M KCl. The EJCs were recorded from ventral longitudinal muscles 6/7 in abdominal segments A2/A3 at a holding potential of Ϫ60 mV. Unless indicated otherwise, all recordings were conducted in a standard solution containing 110 mM NaCl, 5 mM KCl, 4 mM MgCl 2 , 1.8 mM CaCl 2 , 36 mM sucrose, and 5 mM HEPES, pH 7.0. Data were acquired using Axoclamp 900A software and Clampex 10.2 software. Synaptic currents were sampled at 10 kHz and lowpass filtered at 1 kHz. Analysis of synaptic current data was carried out in the Mini Analysis Program.
Yeast Two-hybrid Screen-The yeast two-hybrid screen was performed according to the MatchMaker TM Gold Yeast Two-Hybrid System User Manual (Clontech). Briefly, the C terminus of NRX (amino acids 1,716 -1,838) was expressed as a bait in the yeast strain Y2HGold. The bait strains were incubated with prey strains Y187 that contained Drosophila cDNA libraries (Clontech) to generate zygotes. The zygotes then were screened on double dropout media containing X-␣-Gal and aureobasidin A and further confirmed on quadruple dropout media containing X-␣-Gal and aureobasidin A. The plasmids from the positive clones were sequenced and identified using the BLAST program and the FlyBase database.
Co-immunoprecipitation-Fly heads (n ϭ 200) were homogenized on ice in 500 l of PBS with a protease inhibitor containing 1% CHAPS. After 30 min of rotation at 4°C, the extracts were centrifuged at 16,000 ϫ g for 5 min at 4°C. Next, 200 l of the supernatant was diluted with l ml of PBS containing a pro-tease inhibitor, after which either 20 l of the NRX antibody or 1 l of the preimmune serum (as a negative control) was added and incubated for 2 h at 4°C. After blocking with 2% BSA in PBS buffer for 30 min at 4°C, 50 l of protein A beads (Sigma) were added to the tubes and incubated for 1 h at 4°C. After three washes with PBS containing 0.2% CHAPS, the immune complexes were eluted with 2ϫ SDS sample buffer and subjected to SDS-PAGE and Western blotting.
Subcellular Membrane Fraction-The subcellular membrane fractions were separated using glycerol velocity sedimentation as described previously (32) . Briefly, 3 g of flies were decapitated in liquid nitrogen and ground to a powder in a mortar and pestle. The powdered heads were resuspended in 300 l of lysis buffer (150 mM NaCl, 10 mM HEPES, pH 7.4, 1 mM EGTA) and homogenized in a Dounce pestle. The postnuclear supernatant (10 min at 1,000 ϫ g) was layered carefully onto a 5-25% glycerol gradient made in lysis buffer over a 50% sucrose cushion. The gradients were centrifuged for 1 h at 45,000 rpm in an SW60Ti rotor (Beckman, Brea, CA). All steps were performed at 4°C. The gradient fractions then were subjected to SDS-PAGE and Western blotting.
Pulldown Assay-All GST fusion proteins, His tag proteins, and MBP fusion proteins were expressed in Escherichia coli BL21 cells and purified with glutathione-Sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, UK), nickel-nitrilotriacetic acid-agarose (Qiagen, Hilden, Germany), and amylose resin (New England Biolabs, Ipswich, MA), respectively. To map the binding site in NRX, MBP-NSF fusion protein-coupled beads were incubated with various purified GST-NRX fragments (ϳ20 g of purified GST-NRX fragments each). To map the binding site in NSF, GST-NSF fusion protein-coupled beads were incubated with 40 g of purified Histagged C-terminal NRX fusion protein (His 6 -NRX). After washing, the elution was analyzed by Western blotting.
Binding Affinity Assay-1.2 g of GST-NSF fusion proteins were coupled to glutathione-Sepharose resins and incubated with various concentrations of purified His 6 -NRX at 4°C for overnight. For the incubations, no extra Ca 2ϩ or EGTA was added. After three washes, the elution was subjected to SDS-PAGE and Western blotting.
For Ca 2ϩ -dependent binding assay, GST-NRX-C-terminal fusion protein-coupled beads were incubated with the extracts of 200 fly heads (in 150 mM NaCl, 50 mM Tris-HCl, pH 7.4, containing 1% Triton X-100, and protease inhibitors) at indicated EDTA or Ca 2ϩ concentrations. After washing, the elution was analyzed by Western blotting.
Immunostaining and Analysis-Immunostaining was performed as described previously (33) . Briefly, third instar larvae were dissected, fixed, and then incubated with the primary antibodies, rabbit anti-NRX (1:30), rabbit anti-NSF (1:50), mouse anti-DLG (1:100), mouse anti-BRP (1:50), and goat anti-HRP (1:100) overnight. After four washes, the samples were incubated with secondary antibodies at room temperature for 2 h. After four washes, the samples were examined under an LSM 700 confocal microscope. The boutons in the ventral longitudinal muscles 6/7 of abdominal segment 3 were analyzed. To quantify the distribution of NSF, the inner circle of the DLG pattern was defined as the "presynaptic membrane." We drew a smaller inner circle 0.25 m away from and along the presynaptic membrane and defined the area between the two circles as the "membrane." The intensity of the membrane NSF and total NSF was measured in each genotype, and the ratio of the membrane NSF to the total NSF was quantified and presented.
Preparation of 7S SNARE Complex-7S SNARE complexes were prepared as described previously (34) . Briefly, 10 flies were collected in an EP tube and frozen in liquid nitrogen and vortexed, and heads were homogenized in 50 l of SDS sample buffer on ice. After centrifugation to the pellet cuticle, 10 l of supernatant were loaded onto SDS-polyacrylamide gels without boiling and electrophoresed at 15 mA per gel. The gels were immunoblotted with syntaxin antibody at 1:1,000 dilution.
Statistical Analysis-Data are presented as the mean Ϯ S.E. For all statistical analyses, two-tailed Student's t tests were used to compare genotypes. Significance was classified as follows: *, p Յ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.001; not significant (n.s.), p Ͼ 0.05.
Results

nrx Mutant Synapses Show Normal Short Term Synaptic Depression during Low Frequent Repetitive Nerve
Stimulation-Mammals possess three nrx genes, each of which transcribes ␣or ␤-nrxs via two promoters (35, 36) . In contrast, only one ␣-nrx gene has been discovered in Drosophila (3, 4) . To assess the potential roles of NRX in the regulation of synaptic transmission during repetitive nerve stimulation, two-electrode voltage clamp analyses were performed to record the EJCs at the Drosophila neuromuscular junction (NMJ). When recordings were performed at 0.5 mM Ca 2ϩ , both wild-type and nrx mutant synapses showed mild short term synaptic depression in response to 1 Hz stimulation ( Fig. 1A) . However, the current amplitudes in neurexin mutant synapses were significantly reduced compared with that of wild-type synapses (Fig.  1, A and B) . Previous studies in mammals have suggested that the ␣-NRXs functionally couple Ca 2ϩ channels to the presynaptic machinery to mediate synaptic vesicle exocytosis, and studies in fly have shown that abnormal Ca 2ϩ sensitivity of neurotransmitter release in nrx mutant synapse was completely restored when recordings were performed at 1 mM Ca 2ϩ (4, 6) . Consistent with a previous report (4), an increase in the Ca 2ϩ concentration restored the amplitude of EJCs at the NMJ (Fig.  1, C and D) . To eliminate the effects of abnormal Ca 2ϩ sensitivity in neurotransmitter release, we performed our recordings at 1.8 mM Ca 2ϩ . Under this condition, the nrx mutant synapses displayed mild short term synaptic depression in response to 1 Hz stimulation, which was similar to the response of the wildtype synapses (Fig. 1E ). The mean current amplitudes were 154.9 Ϯ 13.0 nA (n ϭ 5) in the wild-type and 149.8 Ϯ 15.4 nA (n ϭ 5) in the nrx mutant synapses during the steady state (Fig.  1F ). The steady-state quantal content in nrx mutant synapses was slightly reduced compared with wild-type synapses (73.8 Ϯ 7.6 quanta versus 86.3 Ϯ 7.3 quanta, Fig. 1, G and H) . The initial amplitude and steady-state current amplitude therefore were indistinguishable between the wild-type and nrx mutant synapses in response to a 1-Hz train of stimulation ( Fig. 1, E and H) .
nrx Mutant Synapses Exhibit Rapid Short Term Synaptic
Depression during Tetanic Nerve Stimulation-We further performed two-electrode voltage clamp recordings to examine the EJCs at the Drosophila NMJ upon 40 Hz tetanic nerve stimulation. Interestingly, a marked activity-dependent reduction in the amplitude of the evoked currents was observed in the nrx mutant relative to the wild-type synapses under 0.5 mM Ca 2ϩ conditions (Fig. 2, A and B) . Rapid short term synaptic depression in nrx mutant synapses might be due to abnormal Ca 2ϩ sensitivity and/or some other potential effectors. To eliminate the effects of abnormal Ca 2ϩ sensitivity in short term synaptic FIGURE 1. nrx mutant synapses show normal synaptic depression during low frequent repetitive nerve stimulation. A, 1 Hz stimulation for 200 s with 0.5 mM Ca 2ϩ in wild-type (black, n ϭ 8) and nrx mutant (gray, n ϭ 10) synapses. 5 s of evoked peak EJC amplitudes are averaged at each time point and plotted as a function of time. In this and subsequent panels, the data are presented as the mean Ϯ S.E. B, mean steady-state EJCs with 0.5 mM Ca 2ϩ in the wild-type (black, n ϭ 8) and nrx mutant (gray, n ϭ 10) synapses. C, example traces of evoked EJCs supplied with variant external Ca 2ϩ concentration in the wild-type and nrx mutant synapses. D, mean EJC amplitudes in the wildtype (black, n ϭ 8) and nrx mutant (gray, n ϭ 8) synapses supplied with variant external Ca 2ϩ concentration. E, 1 Hz stimulation for 200 s with 1.8 mM Ca 2ϩ in wild-type (black, n ϭ 5) and nrx mutant (gray, n ϭ 5) synapses. F, mean steadystate EJCs with 1.8 mM Ca 2ϩ in the wild-type (black, n ϭ 5) and nrx mutant (gray, n ϭ 5) synapses. G, mean steady-state miniature EJCs with 1.8 mM Ca 2ϩ in the wild-type (black, n ϭ 898) and nrx mutant (gray, n ϭ 701) synapses. H, mean steady-state quantal content with 1.8 mM Ca 2ϩ in the wild-type (black, n ϭ 5) and nrx mutant (gray, n ϭ 5) synapses. depression, we further conducted the recordings at 1.8 mM Ca 2ϩ . Under this condition, nrx mutant synapses still exhibit a rapid synaptic depression compared with wild-type synapses (Fig. 2, C and D) . The amplitude of the evoked currents in the wild-type synapses quickly declined to ϳ75% of the initial stimulus after eight stimuli ( Fig. 2E ) and to 50% after 6.0 Ϯ 1.5 s and then slowly reached a steady state of 72.0 Ϯ 11.6 nA (n ϭ 10) after ϳ20 s (Fig. 2, C-F) . In contrast, the amplitude of the evoked currents in the nrx mutant synapses dropped precipi-tously to ϳ62% of the initial stimulus after eight stimuli ( Fig.  2E ) and to 50% after 0.9 Ϯ 0.4 s and reached a steady state of 40.5 Ϯ 9.9 nA (n ϭ 8) after ϳ15 s (Fig. 2, C-F) . The rapid short term synaptic depression in the nrx mutant synapse is caused by the presynaptic loss of NRX, as the neural expression of NRX restored this deficit in the nrx mutant synapses (Fig. 2, C and D) .
Short term synaptic depression during tetanic stimulation in the nrx mutant synapses may reflect either the rapid desensitization of postsynaptic glutamate receptors or deficits in synap- tic vesicle release (31, 37) . To differentiate between these two possibilities, we compared the kinetics of the individual synaptic currents at the initiate state and at the steady state of tetanic stimulation. In both wild-type and nrx mutant synapses, the decay time of the individual synaptic currents at the steady state were comparable with that at the initiate state of tetanic stimulation (Fig. 2, G and H) . These observations imply that the rapid current decline in the nrx mutant synapses during tetanus is not due to the desensitization of postsynaptic glutamate receptors.
Next, we compared the rate of synaptic vesicle release in wild-type and nrx mutant synapses. To determine the quantal content of the nerve-evoked synaptic currents at the steady state, we measured the evoked currents and the spontaneous miniature currents at the steady state. The mean of evoked current was 72.0 Ϯ 11.6 (n ϭ 10) in the wild-type synapses and 40.5 Ϯ 9.9 (n ϭ 8) in the nrx mutant synapses (Fig. 2F) . The averaged miniature current was 1.45 Ϯ 0.42 (n ϭ 824) in the wild-type synapses and 1.54 Ϯ 0.40 (n ϭ 960) in the nrx mutant synapses (Fig. 2I) . Thus, the steady-state quantal content was 49.8 Ϯ 8.0 quanta (n ϭ 10) in the wild-type synapses compared with 26.2 Ϯ 9.9 quanta (n ϭ 8) in the nrx mutant synapses (Fig.  2J ). This result indicates that synaptic vesicle release is impaired in the nrx mutant synapses during tetanic stimulation.
Intracellular Region of NRX Regulates Synaptic Vesicle Release-NRX is a cell adhesion molecule that contains a single transmembrane domain. Given that the synaptic vesicle release machinery operates in the cytosolic region of the presynaptic terminals (38) , we questioned whether the intracellular region of NRX is required for synaptic vesicle release during tetanic stimulation. To test this possibility, we generated a C-terminally truncated NRX transgene p(UAS-NRX ⌬C ) in which the intracellular region of NRX was deleted and expressed this transgene in motor neurons. Previous studies have shown that the polarized targeting of NRX to synapses is regulated by their C-terminal sequences (39, 40) . To examine whether NRX ⌬C is able to distribute into the presynaptic terminals of NMJs, we performed the antibody staining analysis. The results showed that full-length NRX was successfully distributed into the presynaptic terminals (Fig. 3, A and B) . Consistent with previous findings, lack of the intracellular region of NRX led to massive NRX ⌬C retained in the motor neuron axons (Fig. 3, A and B) . However, we found that a portion of NRX ⌬C was successfully distributed into the presynaptic terminals (Fig. 3, A and B) . Meanwhile, the amount of NRX ⌬C distributed into the presynaptic terminals was comparable with that of full-length NRX (Fig. 3, A and B) .
Because the truncated NRX was successfully distributed into the presynaptic terminals, we therefore performed the rescue experiments by using these transgenes. The synaptic current recording at the NMJ with 1.8 mM Ca 2ϩ showed that the expression of NRX ⌬C failed to restore the defective short term synaptic depression in the nrx mutant synapses (Fig. 3, C-E) , which indicates that the intracellular region of NRX is essential for synaptic vesicle release during tetanic stimulation. The PDZ-binding motif in the NRX molecule is able to associate with several molecules involved in the synaptic vesicle exocytosis machinery, including synaptotagmin and the PDZ domain-containing proteins CASK and Mints (16 -18) . To investigate the potential role of the PDZ-binding motif in the regulation of short term synaptic depression, we generated a NRX transgene with a deleted PDZ-binding motif (NRX ⌬4 ) and performed the rescue experiments. Interestingly, the expression of NRX ⌬4 failed to restore the rapid current decline in the first several dozen stimulations but recovered the reduced mean EJCs and quantal content at the steady state ( Fig. 3, C-G) . These observations strongly suggest that other intracellular regions of NRX also regulate synaptic vesicle release.
To examine the role of the cytoplasmic tail in synaptic vesicle release under normal conditions, we also recorded these rescue synapses under 0.5 mM Ca 2ϩ conditions. Interestingly, expression of all NRX transgenes successfully restored the initial current amplitudes (Fig. 4, A-C) , indicating the extracellular region of NRX is sufficient for coupling Ca 2ϩ channels. These observations are supported by the previous study, which shows that extracellular domains of NRX participate in regulating synaptic transmission (41) . Consistent with the recordings performed in 1.8 mM Ca 2ϩ conditions, expression of full-length NRX and NRX ⌬4 , but not NRX ⌬C , restored the reduced mean EJCs at the steady state (Fig. 4D) . These results indicate that other intracellular regions of NRX regulate synaptic vesicle release at normal conditions. NRX Associates with NSF in Vivo-To determine the molecular mechanism by which NRX regulates synaptic vesicle release during tetanic stimulation, we performed a yeast twohybrid screen of a Drosophila cDNA library using the intracellular region of the Drosophila homolog of ␣-NRX as the bait. We identified several previously unreported binding proteins (Table 1) , including NSF that mediates SNARE complex disassembly and plays an important role in synaptic vesicle release ( Fig. 5A) (42, 43) . To evaluate the NRX/NSF interaction in vivo, we conducted a subcellular distribution analysis and co-immunoprecipitation assays. We separated the plasma membrane and synaptic vesicle membrane by sedimentation in a glycerol gradient (32) . Quantitative Western blotting revealed that NRX existed predominantly in the plasma membrane-containing fractions where the plasma membrane marker Na ϩ /K ϩ -ATPase-␣ was present ( Fig. 5B ). Meanwhile, although NSF was present in both the plasma membrane-containing and nonplasma membrane-containing fractions, more than 50% of the NSF was in the plasma membrane-containing fractions (Fig.  5B) . The co-immunoprecipitation experiment further demonstrated that NRX interacted with NSF in vivo (Fig. 4C) . These results demonstrate that NRX associates with NSF at the presynaptic terminals.
In addition, we also measured the NSF-binding capacity of NRX with a pulldown assay. The results from this assay revealed that NRX bound to NSF in a concentration-dependent and saturable manner (K d ϭ 4.4 M) ( Fig. 5D ). Furthermore, we examined the NSF-binding capacity of NRX in the fly head extracts with different Ca 2ϩ concentrations. Interestingly, NRX showed the highest binding capacity with NSF in 0.5 mM Ca 2ϩ condition and exhibited the declined binding ability with the increasing of Ca 2ϩ concentration (Fig. 5E ). These data indicate that the NSF-binding capacity of NRX is modulated by Ca 2ϩ concentration.
NRX Binds to the D2 Domain of NSF-
The intracellular region of NRX contains 122 amino acids, including a functional PDZ-binding motif (Fig. 6A) (3) . We investigated which part within the intracellular region that mediates the interaction with NSF. The pulldown assay revealed that the purified NSF protein was able to bind with the fragments NRX(1730 -1837), NRX(1730 -1813), and NRX(1730 -1833) but not with the fragments NRX(1730 -1759) and NRX(1730 -1787) (Fig. 6A) . These observations indicate that amino acids 1788 -1813 in the intracellular region of NRX mediate the interaction with NSF. To further validate the NSF-binding sites in NRX, we expressed and purified the mutant NRX(⌬1788 -1813) that deleted amino acids 1788 -1813 of NRX. The pulldown assay revealed that NSF protein failed to bind with NRX(⌬1788 -1813) (Fig. 6B ). An alignment analysis revealed that several amino acids are conserved in this region across different species (Fig. 6C) , which suggests that the NRX/NSF interaction may occur in other species.
NSF has three distinct domains as follows: two homologous D domains (D1 and D2) and an N domain (Fig. 6D) (38) . To determine which domain within the NSF protein interacts with NRX, pulldown assays using several constructs encoding truncated NSF fragments fused to GST were performed (Fig. 6D) . The results revealed that purified NRX is able to bind to the full-length NSF protein (NSF(1-745) ) as well as the truncated fragment NSF(1-588) but not the truncated fragments NSF(1- (Fig. 6D) . These results suggest that the amino acid sequence 514 -588 in the NSF protein is a critical component of the NRX interaction with NSF. An alignment analysis revealed that this region of NSF (Fig. 6E) , which is partially within the D2 domain essential for the hexamerization of NSF (44, 45) , is highly conserved across species.
NRX/NSF Interaction Is Essential for NSF Recruitment-To determine the potential role of the NRX/NSF interaction in the regulation of NSF function and subsequent synaptic vesicle release, we examined the distribution of NSF in nrx mutant synapses. The distribution of NSF was determined relative to the markers for the postsynaptic membrane as well as active zone regions of synapse where synaptic vesicles dock and fuse. In the wild-type NMJs, the NSF occupied the cytosolic regions within the presynaptic boutons and existed predominantly near the presynaptic membrane in a similar ratio to the postsynaptic marker DLG (Fig. 7, A-C) . In contrast, in the nrx mutant NMJs, a large portion of the NSF fell into the cytosolic region within the boutons (Fig. 7, A-C) . To validate the distribution of NSF within the wild-type and nrx mutant synapses, the plasma and synaptic vesicle membranes were separated by sedimentation in a glycerol gradient. Quantitative Western blotting revealed that the sedimentation profile of NSF was shifted significantly from the plasma membrane fractions to the cytosolic fractions in the nrx mutant synapses compared with the wild-type synapses (Fig. 7D) . These findings indicate that the loss of NRX results in an altered NSF distribution at the presynaptic terminals.
To address whether the NRX/NSF interaction facilitates the recruitment of NSF to the presynaptic terminals, we performed rescue experiments. Interestingly, the expression of the fulllength NRX transgene p(UAS-NRX) but not the C-terminally truncated Neurexin transgene p(UAS-NRX ⌬C ) rescued the abnormal NSF distribution in the nrx mutant synapses (Fig. 7, E  and F) . These observations strongly suggest that the NRX/NSF interaction is essential for the recruitment of NSF to the presynaptic terminals.
NSF is known to mediate SNARE complex disassembly (42, 43) . A biochemical analysis has shown that SDS-resistant 7S SNARE complexes accumulate in comt mutant flies following the disruption of NSF activity (43) . We therefore asked whether the loss of the NRX/NSF interaction would affect SNARE complex disassembly. Western blotting analysis revealed that SDSresistant 7S SNARE complex was accumulated in nrx mutants compared with wild-type flies (Fig. 7, G and H) . These data suggest that the NRX/NSF interaction promotes SNARE complex disassembly and the subsequent synaptic vesicle release during tetanic stimulation.
Taken together, these data support a model in which NRX/ NSF interaction facilitates the recruitment of NSF in the presynaptic terminals and restricts the movement of NSF at rest conditions. With the increase of terminal Ca 2ϩ concentration during stimulation, NRX releases NSF to facilitate the disassembly of SNARE complexes.
Discussion
NRX Facilitates Repetitive Synaptic Vesicle Release-Previ-
ous studies have shown that the ␣-NRXs functionally couple Ca 2ϩ channels to the presynaptic machinery to mediate synaptic vesicle exocytosis (4, 6) and that defective synaptic vesicle release can be restored with 1 mM Ca 2ϩ (4) . In our experiments, 1.8 mM Ca 2ϩ was used to eliminate the effects of abnormal Ca 2ϩ sensitivity in neurotransmitter release. Under this condition, we showed that nrx mutant synapses exhibit rapid short term synaptic depression and reduced quantal content of nerveevoked synaptic currents at the steady state during tetanic stimulation. These observations suggest that NRX regulates activity-dependent synaptic plasticity. Similar observations have been reported in the fast-twitch diaphragm muscle of the ␣-NRX double knock-out mouse, which indicates that presynaptic efficacy but not presynaptic homeostatic plasticity is normal under basal conditions (46) . Deficits in both the presynaptic neurotransmitter release machinery and the postsynaptic neurotransmitter receptors may cause rapid short term synaptic depression (31, 37) . As a presynaptic adhesion molecule, NRX interacts with the postsynaptic adhesion molecule, Neuroligin, and bridges the synaptic cleft that aligns the presynaptic neurotransmitter release machinery with the postsynaptic neurotransmitter receptors. It has been suggested that the activity-dependent regulation of the NRX/Neuroligin interaction mediates learning-related synaptic remodeling and long term facilitation (47) . A recent study reveals that the alternative splicing of presynaptic NRX-3 controls postsynaptic AMPA receptor trafficking and long term plasticity in mice (48) . In this study, we showed that the kinetics of the individual synaptic currents were stable during tetanic stimulation in the nrx mutant synapses. Moreover, we showed that NRX mediated synaptic plasticity through the presynaptic machinery, which was supported by our rescue experiments.
NRX Interacts with NSF-The intracellular sequence of NRX, including the C-terminal PDZ-binding motif, is identical across several vertebrate and invertebrate species. Mammalian NRXs only possesses a short cytoplasmic tail (55 amino acids), including a PDZ-binding motif (36) . To identify the potential binding partners, several laboratories have conducted yeast two-hybrid screening by using the cytosolic tail of mammalian NRX as a bait. Two PDZ-containing proteins, CASK and syntenin, have been identified in the previous screening (17, 19) , and further studies show that the binding between CASK and NRX is abolished by deletion of the last three amino acids of the intracellular C-terminal region of NRX (17) . However, it seems that the previous screenings are not saturated, as the NRX-interacted protein Mints was not identified in these screenings (18) .
Drosophila NRX contains a long cytoplasmic tail (122 amino acids), including a functional PDZ-binding motif (3). Thus, it is possible that the long cytoplasmic tail may associate with some partners in a PDZ-independent manner. In this study, normalized Drosophila cDNA libraries were used in our screening, which helps to identify the binding partner with low abundance. In our screening, 23 cDNAs clones that encode the fragments of 18 proteins were recovered. Our previous study has demonstrated that the cytoplasmic tail of NRX associates with RFABG and facilitates the retinol transport (29) . In this study, we identified the intracellular region of NRX binds with NSF through the amino acid sequence 1788 -1813 but not the PDZbinding motif of NRX. We found that this NRX/NSF interaction is essential for the NSF recruitment to the presynaptic terminals and plays an important role in synaptic vesicle release. In addition, we provided multiple lines of evidence that NRX associates with NSF at the presynaptic terminals. An alignment analysis of the NSF-binding site of NRX revealed that this sequence is conserved across different species. Moreover, this sequence is present across many proteins that serve different functions, which implies that this sequence may be essential for protein interactions. Each NSF molecule contains an N-terminal domain that is responsible for the interaction with ␣-SNAP and the SNARE complex, a low affinity ATP-binding domain (D1 domain) whose hydrolytic activity is associated with NSF-driven SNARE complex disassembly and a C terminal high affinity ATP-binding domain (D2 domain) (44, 45, 50, 51) . In this study, we mapped the NRX-binding sites of NSF to the D2 domain, which mediates the ATP-dependent oligomerization of NSF (45, 52) . An alignment analysis showed that both the D2 domain in NSF and the NSF-binding site in NRX are highly conserved. This result suggests that the NRX/NSF interaction may occur in other species, a possibility that needs to be investigated further.
It has been documented that the D2 domain of NSF is essential for its hexamerization (44, 45) . In this study, we show that NRX exhibits a declined NSF binding capacity in high Ca 2ϩ concentration. These observations suggest that NSF can be released from NRX under stimulation. Although NRX and NSF do not bind with Ca 2ϩ directly, it is possible that they undergo Ca 2ϩ signaling-dependent modifications or bind with some Ca 2ϩ -binding proteins. In our yeast two-hybrid screening, one potential Ca 2ϩ -binding protein (CG33978) has been identified. However, the mechanism of how NRX releases NSF under high Ca 2ϩ concentration need to be further investigated.
NRX/NSF Interaction Regulates Activity-dependent Short
Term Synaptic Depression-Previous studies have shown that the PDZ-binding motif of NRX associates with several molecules involved in the synaptic vesicle exocytosis machinery, including synaptotagmin and the PDZ domain-containing proteins CASK and Mints (16 -18) . Synaptotagmin functions as a Ca 2ϩ sensor and controls synaptic membrane fusion machinery (26) . Adaptor protein Mints regulates presynaptic vesicle release (53) , whereas the other adaptor protein CASK is not essential for the Ca 2ϩ -triggered presynaptic release (54) . In contrast, CASK interacts with NRX and protein 4.1 to form a trimeric complex and regulates synapse formation (55, 56) . The process of synaptic vesicle release includes several consecutive steps, docking, priming, and fusion (26) . Depending on the stimulation given to synapses, different synaptic vesicle trafficking steps become rate-limiting for synaptic vesicle release. This causes short term changes in synaptic transmission that determine many higher brain functions such as sound localization, sensory adaptation, or even working memory (57) . Thus, the PDZ-binding motif-linked synaptic vesicle exocytotic machinery might regulate the different steps during synaptic vesicle release. Indeed, nrx mutant synapses that express NRX ⌬4 exhibit a rapid current decline over the first several dozen stimulations. In contrast, the expression of NRX ⌬4 largely restores the reduced steady-state mean EJCs and quantal content in neurexin mutant synapses. Together with the C-terminally truncated NRX rescue experiments, these data suggest that intracellular regions of NRX other than the PDZbinding motif also regulate short term synaptic depression. The existing literature extensively documents the roles of NSF in SNARE complex disassembly and short term synaptic depression (38, 43, 58) . In this study, we extended these findings to show that the NRX/NSF interaction facilitates the recruitment of NSF to the presynaptic terminals and promotes the subsequent SNARE complex disassembly.
Previous studies have established that the NSF hexamer serves as the only active form for SNARE complex disassembly (23, 45, 49, 50, 59) . In this study, our binding assay showed that purified NRX binds to NSF in a concentration-dependent and saturable manner. NRXs appear to serve as scaffold proteins to recruit NSF, and the NRX/NSF interaction may promote SNARE complex disassembly in vivo. Live image studies have shown that NSF mutant (i.e. comt) synapses exhibit defective NSF re-distribution during tetanic nerve stimulation (28) . In this study, immunocytochemical and sedimentation analyses revealed that a lack of the NRX/NSF interaction results in an altered distribution of NSF and an accumulation of 7S SNARE complexes. Our results imply that NRX/NSF interaction serves as a potential mechanism to restrict the mobilization of NSF.
Our electrophysiological recordings revealed that synaptic depression was comparable between nrx mutant synapses and wild-type synapses in response to low frequency stimulations. The long intervals between low frequency stimulations may allow the remaining NSF to disassemble the SNARE complexes and generate enough free t-SNARE for the subsequent synaptic vesicle fusion events. Another possibility that needs to be investigated further is that tetanic stimulation may have other effects on the re-distribution of NSF.
In summary, our study provides evidence that the NRX/NSF interaction recruits NSF to the presynaptic terminals and promotes SNARE complex disassembly. Our findings have revealed a previously unknown role of NRX in the regulation of neurotransmitter release and provide a linkage between the presynaptic adhesion molecules and the presynaptic plasticity machinery.
